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PREFACE 
L 
This report was prepared by the Hayes International Corporation, the 
Apollo Logistics Support Group, for the George C. Marshall Space Flight 
Center, under the authorization of task order H-28, contract NAS8-5307. 
The NASA technical liaison representative was Mr. Jack Harden of the 
Advanced Studies Office, Astrionics Laboratory. 
The completed work was a nine man-week effort beginning on July 20, 1964, 
and ending on September 3 0 ,  1964. 
NOTICE 
This report  waa prepared as an account of Government sponsored 
work. Neither t h e  United States ,  nor t he  National Aeronautic8 
and Space Adminietration (NASA), nor any person act ing on 
behalf of NASA: 
A.) Makes any warranty or representation, expressed o r  
implied, with respect  t o  the  accuracy, completeness, 
or usefulness of t he  information contained i n  t h i s  
report ,  or t ha t  t h e  use of any information, apparatw,  
method, o r  process disclosed i n  t h i s  report  may not 
infr inge pr ivately owned rights; or  
B) Assumes any l i a b i l i t i e s  wlth respect  t o  t h e  use of, 
o r  f o r  damages r e su l t i ng  from the  use of any inf'or- 
mation, apparatus, method or process disclosed i n  
t h i s  report .  
Aa used above, "person ac t ing  on behalf' of NASA" includes 
any employee o r  contractor of NASA, o r  employee of such con- 
t r ac to r ,  t o  t h e  extent t h a t  such employee or contractor of NASA, 
or employee of such contractor prepares, disseminates, o r  
provides access t o ,  any information pur8Uant -to his employment 
or contract  with NASA, o r  his employment with such contractor.  
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This Task Order sequentially follows Task Order NASA TM-X-52032-9, 
"Task Report on Navigation Systems Study", and Task Order N-21, 
"Report on Navigation Systems Studies for a Lunar Xobile Laboratory". 
These reports define the MOLAB navigational requirements, state- 
of-the-art navigation techniques which are feasible, and error 
criteria pertinent to the unique task. 
- 
This report is concerned with state-of-the-art hardware that 
may be used, based on these last two reports; on the heading and 
vertical orientation; radio frequency navigation equipment; 
celestial state-of-the-art equipment; optical ranging; and relative 
navigation. 
The best way of obtaining heading and vertical, short of a tuned 
platform, is to slave a vertical gyro to a roll stabilized directional 
gyroscope, using friction averaging bearings for the two degree of 
freedom gyro inertial reference. The absence of a magnetic field 
precludes the possibility of slaving the directional gyro so that 
celestial fixes at each station will orient the gyro initially. 
A two-directional electromagnet pendulum or level represents 
the best vertical reference under these limiting conditions. Obtainable 
accuracies in vertical and azimuth demonstrate that the combination of 
equipment can produce good accuracy, based on operation during the 
worst leg of the MOLAB traverse. It is thought that this could 
1 
be a reliable back-up system in on a system using a steliar- 
inertial primary unit. 
Radio frequency investigations show that using the C/M as a 
navigation satellite for a three-position range fix from 
the MOLAB, and using the DSIF as a computer is not feasible. 
Historically, error of C/M and MOLAB position has been in conflict 
with respect to accuracy. A recent letter from NASA headquarters 
shows that the MOLAB and the C/M can both be located within 2 100 
meters after a period of tracking by several DSIF stations. 
Since MOLAB error using the C/M is 25 times the C/M error, or 
2500 meters, and the DSIF can locate the MOLAB independently 
within 100 meters, it is not feasible to use this method of 
navigation. Additionaly, the DSIF would have to contain the 
range fix computational equipment, and the C/M is available for 
approximately only eighteen minutes every two hours. 
VHF navigation aids for placement at MOLAB stations require min- 
imum power but are voided due to the short distance to which line - o f  - 
sight transmission on the lunar surface is limited. High antenna 
towers are out of the question for the mission, due to limitations 
on the equipment that may be sent to the moon plus the fact that 
installation times are too great if it were possible to ship the 
equipment. 
2 
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The MOLAB t r a v e r s e ,  a s  l i m i t e d  a s  i t  i s ,  then c a l l s  f o r  over- the-horizon 
t ransmiss ion  a t  medium f requencies ,  A r e l a t i v e l y  h igh  powered LEM beacon 
can provide a homing source f o r  a MOLAB beacon r e c e i v e r .  S t a t e - o f - t h e - a r t  
beacon systems w i l l  have a 10-20  meter  e x t r a  d i s t a n c e  t r a v e l e d  e f f e c t  f o r  
the maximum LEM-MOLAB d i s t a n c e  of 9 3  km, 
O p t i c a l  range f i n d e r s  a r e  a v a i l a b l e  i n  3-meter base  l eng ths  w i t h  a one p a r t  
i n  10 r e s o l u t i o n .  Ranging e r r o r  i s  only  approximately 5 meters a t  a 
minimum s i g h t i n g  range of  1000 yards ,  and approximately 150 meters  a t  
6700 yards- - - the  m a x i m u m  expected h o r i z o n t a l  s i g h t i n g  d i s t a n c e .  Use of 
s h o r t e r  than t h r e e  meter base  lenghts  means g r e a t e r  e r r o r  and v ice-versa .  
4 
O p t i c a l  and antenna equipment present  azimuth e r r o r s  a s  they a r e  t i l t e d  
from t h e  v e r t i c a l ,  The e f f e c t s  a r 2  shown i n  graph form. Antenna equipment 
c,n the  MOLAB, s i g h t i n g  e a r t h ,  can be o f f  2 2 degrees  and s t i l l  make c o n t a c t  
w i t h  t h e  e a r t h .  
Of the  many types  of gyros t h a t  e x i s t  today,  i t  i s  b e t t e r  f o r  t he  long term 
MOLAB miss ion  t o  use a two degree of freedom o r  a s i n g l e  degree of freedom 
i n e r t i a l  q u a l i t y  gyro i f  a s t a b l e  p la t form i s  used. The MOLAB miss ion  i s  
n o t  meant t o  be a proving ground f o r  newer types  of gyros.  
I f  i n e r t i a l  p la t forms  are  used,  a d i g i t a l  computer w i l l  probably be an  
i n t e r g r a l  p a r t  of t he  system. Proven s i n g l e  o r  double i n t e g r a t i n g  
a c c e l e r a t o r s  e x i s t  which a r e  useable f o r  t he  miss ion ,  Again, t he  phi losophy 
i s  t o  s t e e r  away from newer types on a long miss ion .  
3 
It is felt that a philosophical discussion of the star tracker 
presents a valid argument for its incorporation in the MOLAB 
navigation system. 
Celestial manual hardware has shown increasing accuracy (chronometers, 
- + 0.05 sec/day; theodalites, 0.2 secs. horizontal accuracy). Errors 
from hardware are smaller than previously thought. Mapping accuracies 
and lunar extremes data present the higher errors, . 
MOLAB navigation relative to LEM is a function of a LEM beacon azimuth 
homing process, and is also accomplished as a functimof the dead 
reckoning process and its errors. 
*- 
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2 .O MOLAB TRAVERSE; VEHICLE FORCING FUNCTIONS 
Consideration of vertical and heading reference hardware re- 
quires determining the nature of the MOLAB traverse and the vehicle 
dynamics e 
1 
Tables IA and B show the present traverse contemplated. The 
longest traverse is chosen as the worst case condition, since 
vertical and heading determing equipment deteriorate as a function 
of time between corrections. This traverse is travel leg 8 - 5 .  
The distance covered is 34 kilometers at a speed of 4 . 8 5  kilometers 
per hour for a seven hour time total. 
The traverse in each case is a straight line path, but latest 
evidence shows that a portion of the path will contain obstacles, 
The astronaut will therefore be turning to avoid these, at random 
times. (Vertical and heading references can not be set at any 
time during traverse, to avoid scientific mission interference). 
37 Next, horizontal acceleration must be considered. Table 1IA 
2 shows a maximum acceleration in the roll direction of 3.168 ft/sec 
before the NOLAB overcurns. Tabie IB shows a maximum aeceieration 
in the pitch direction of 2.148 ft/sec2 before overturning. 
of these values OCCUI: on a level path. 
Both 
Vertical displacements due to obstacles are considered in Tables 
36 I11 and IV. The median value chosen in Table IT; for the approximate 
5 
MOLAB speed.shows that with a 1/4 sine wave, 0.5 cps., one ft. amplitude 
forcing function, the vehicle will: 
a) bounce 1.75 ft. 
b) settle within 3" in 6 sec. 
c) have a 4 ft/sec2 acceleration 
d) have a pitch angled at 13.4 degrees 
Table IV shows a maximum roll angle of 4.2 degrees for a ninty 
degree steering angle. 
Reference 37 is based on MOLAB VII, using Ackermann steering. Refer- 
ence 36 is based on MOLAB 111, but the values are approximately 
equivalent for MOLAB VII. The values determined are for recommended 
2 Ackermann steering, 1000 pound/ft spring and tire constants and a 
250 pound /ft/sec damping factor. 
4 
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TABLE I A  MOLAB TRAVERSE 
7 
Lunar 
Day 
Night 
1 
1 
The worst traverse from the navigation standpoint 
because the directional gyro, operating unslaved 
degraded for this long period of time. 
i 
4 
is the longest traverse. This is 
except for moon rate correction, is 
I 
Travel Leg Distance to Stations 
(Kilometers) 
.:: 
8- 5 
Traverse 
Time 
L 
4.75 O0 
3-4 
4- 5 
5-6 
16 
11 
20 
5-9 
9-1 
1- 10 
10-11 
11-12 
12 
26 
14 
12 
12 
TABLE IB 
MOLAB LUNAR TRAaRSE 
.- . 
 
Ve loci ty 
(Kilometers/Hour) 
Angular Turn 
at Leg 
(Hours) I I 
2-3 
1.75 
4.62 O0 3.25 
5.33 looo cw 3.00 
2.00 
4.00 
5.50 60Occw 
5.00 30Occw 
7.00 1 60°ccw 
150" ccw 
4.85 lO0CCW 
4.00 I 
7.001 
6.00 60' cw 2.00 I 
5.20 60' cw 
4.66 
4.80 
4.80 
60Occw 
80Occw 
30Occw 
80Occw 12- 13 I 18 4.50 
13-1 I 18 4.50 loooccw 
55 Hours 2 274 Kilometers 
TABLE I1 ROLL CHARACTERISTICS 
Slope 
U" 
10" 
20" 
30" 
A.  ROLL CHARACTERISTICS - MOLAB VI1 
2 
L i m i t  V /reg Before Overturn 
0.57 
0 .41  
0 . 2 2  
0.02 
. 
Downhi 11 
0.29 
Uph i l l  
0.40 
The m a x i m u m  a c c e l e r a t i o n  MOLAB may experience i s  on a s t r a i g h t  and l e v e l  
pa th .  Th i s  would be r o l l  produced i n  a t u r n ,  and i s  0.59 times the moon 
g r a v i t a t i o n a l  c o n s t a n t  (5.37 f t l s e c  ) o r  3.168 f t l s e c  . 2 2 
0 .11  
- 0.07 
B. PITCH CHARACTERISTICS - MOLAB V I 1  
0.22 
0.04 
Slope 
O0 
10" 
20" 
30" 
2 
L i m i t  V / r a g  Before Overturn 
1 
- 0.25 - 0.15 1 
The maximum l o n g i t u d i n a l  a c c e l e r a t i o n  MOLAB may experience i s  on a s t r a i g h t  
and l e v e l  pa th .  
(5.37 f t l s e c  ) o r  2.148 f t l s e c  . 
This  i s  0.40 times the  moon g r a v i t a t i o n a l  cons t an t  
2 2 
9 
.- 
MOLAB Speed 
TABLE I11 
MOLAB VERTICAL DISPLACEMENT STUDY RESULTS 
Type of  Inpu t  
114 S ine  Wave S tep  
0.5 cps 
A.  PITCH AXIS 
1.6 
1.75 
2.2 
Peak Height 
4 
6 
8 
2.6 mph I b p i .  0.5 f t .  
MOLAB Speed 
2.6 mph 
1.0 f t .  F F  2.0 f t .  
Type of  Inpu t  Acce lera t ion  
2 114 S i n e  Wave S tep  f t l s e c  
0 . 5  cps 
Ampl. 0.5 f t .  2 
1.0 f t .  4 
2 . 0  f t .  11 
Bounce Height 
Bump Height 
MOLAB Speed 
Time i n  Seconds t o  
Type of  Inpu t  P i t c h  Angle 
S e t t l e  Within 3 Inches 
114 Sine  Wave S tep  
0 .5  cps 
2.6 mph Ampl. 0.5 f t .  
1.0 f t .  
2 . 0  f t .  
1 
(Degrees ) 
6 
13.4 
38 
I I 
10 
TABLE I11 (Cont 'd) 
D. PITCH BOUNCE WITH WASHBOARD SURFACE 
FORCING FUNCTION IS A 1' P.P. CONTINUOUS SINE WAVE, 
J 
Bounce c ~ G +  Displacement Bounce 
0.6'  O+' 
- - 0 . 9 '  - 1.4' 
l s t ,  + 
2nd, + + 1 .6 '  + 5 . 7 '  
0.5  CPS 
11 
MAXIMUM 
ROLL 
ANGLE 
(DEGREES ) 
T a b l e  I V  MOLAB VERTICAL DISPLACEMENT STUDY RESULTS 
ROLL VERSUS STEERING ANGLE 
height of c.g. (ft.) 
30 6 0  90 
STEERING ANGLE (DEGREES) 
MOLAB VELOCITY I S  2.6 MPH 
1 2  
. I  
3 .O VERTICAL, HEADING REFERENCES 
Based on previous navigation reports (References 1 and 2), pos- 
sible equipment to be used for heading and vertical indications 
includes directional gyros, vertical gyros, pendulums, and various 
types of levelers. This equipment must be considered before the 
necessity of a stable platform or a stable, Schuler tuned, platform 
is demonstrated. 
3.1 CONVENTIONAL VERTICAL SENSORS 
Various types of erectors are considered first, since they may be 
used by themselves and are used in vertical gyros which are ideally 
used to slave a directional gyro for this application. 
3.1 .l ELECTROLYTIC LEVEL ERECTORS, BUBBLE 
This type is in use today. They cmsist of glass vials filled with 
a conducting fluid. Electrodes are connected to each end and to 
the center. 
. 
When the fluid is horizontal, the resistance of each end to the 
center is the same. When the vertical is displaced, the half of 
the level with the lesser fluid has greater resistence than the 
half with more fluid. 
13 
Effectively, the device operates as a potentiometer. This type is 
not as linear as a pendulum type, which is explaned later. As in- 
dicators, these devices have typical verticality alignment errors 
of - + 6  arc minutes on the moon. One manufacturer has stated that 
this dead spot in a roll stabilized vertical-directional gyro still 
allows good operation on the worst traverse, and that redesign will 
negligibly improve operation. 
3.1 .2 MERCURY SWITCHES 
These are on-off devices used for gyro erection. The output is 
constent for any angle off vertical, so that the gyro erection 
rate is a constent. Gyros are easily disturbed when subjected 
to small accelerations. These switches would be useful for a 
rapid erection mode only. 
3.1 .3 EDDY-CURRENT ERECTOR 
A permanent magnet is suspended under the gyro. A copper disk is 
connected to an extension of the gyro shaft. When the gyro tilts, 
motion of the disk relative to the magnet causes eddy currents, 
which produce a drag force. This is not an accurate system. 
3 -1 - 4  ROLLING-BALL ERECTOR 
This type is used on vertical gyros with moderate accuracy. 
erector is mounted on top of the gyro. 
The 
This revolving disk contains 
14 
s t e e l  b a l l s  i n  a banana-shaped s l o t  c l o s e  t o  t h e  pe r iphe ry  of 
t h e  d i s k .  Rotat ion i s  much slower than t h a t  of  t h e  gyro.  Gyro 
e r e c t i o n  takes  p l ace  i n  a s p i r a l  p l a t e .  This type i s  n o t  s u i t a b l e  
f o r  t h e  MOLAB. 
3 .1 .5  MERCURY ERECTOR 
This  i s  a p r e c i s i o n  instrument .  There i s  v e r t i a l l y  no dead space 
and t h e  u n i t  responds t o  minute t i l t s .  Two tanks f i l l e d  wi th  mercury 
are  connected by a small base p i p e .  The tanks a r e  mounted on t h e  
gyro and revolved a t  t h e  same r a t e  as t h e  n a t u r a l  frequency of t h e  
mercury. The n a t u r a l  period of t h e  mercury i s  approximately t h e  
same a s  t h e  MOLAB f o r c i n g  func t ions ,  so  t h a t  i t  would be d i s t u r b e d  
by t h e s e  motions.  It is, t h e r e f o r e ,  not  adequate f o r  t h e  MOLAB 
o p e r a t i o n .  
3.1.6 PENDULUM (See Figure 1) 
f i 1 l ed  with 
I 
viscous f l u i d  ?& 
Mass 
,’ 
<-7 a s i n  w t .  
FIGURE 1 VERTICAL PENDULUM 
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The v i s c o u s l y  damped pendulum, w i t h  c a p a b i l i t y  of va r ious  damping 
f a c t o r s ,  r ep resen t s  t h e  most a c c u r a t e  v e r t i c a l  d e v i c e .  There are 
two axes e l e c t r o l y t i c  and two axes electromagnetic.versions. The 
l a t f e r  i s  more accu ra t e .  
The pendulum may be used t o  supply r o l l  and p i t c h  o r  i t  may be  used 
as an e r e c t o r .  Pendulum a c t i o n  may be de r ived  by us ing  Figure  1. 
Here t h e  u n i t  i s  s u b j e c t  t o  an a c c e l e r a t i o n ,  ''a s i n  w t " .  With the  
mass "M" o f f  v e r t i c a l  a t  an ang le  ~ 1 ~ 1 ~ ~  a torque ,  M a , Q c o s q ,  i s  
produced. This i s  opposed by: 
a )  g r a v i t y  couple:  M g J s i n d  
b) damping couple:  e dD(/dt  
c )  angu la r  a c c e l e r a t i o n  couple:  M 1 d 2 0 ( / d t 2  
Then: 
With a s m a l l :  s i n  o\ = O( , cos C( 
.*. 
I n  Laplace form, d iv id ing  by M g j  : 
M a x  cos o(= M g P s i n d S  C d O ( / d t - k M l  2 2  d o( /dt2 
1 
M a .P = M g !&,+ C d d /  d t  4 M Q ~  d20( /d t2  
a / g  = ( R / g  s2 t c/MgP* s + 1)  
a / g  = ang le  of t h e  v i r t u a l  v e r t i c a l  due t o  a c c e l e r a t i o n  
l / g  = l/% , w,, - pendulum undamped n a t u r a l  f requency 
C/M g 4  = 9, t h e  pendulum damping t i m e  cons t an t  
2 
The MOLAB w i l l  b e  moving i n  a s t r a i g h t  l i n e ,  a s i d e  from o b s t a c l e  
avoidance.  The maximum a c c e l e r a t i o n  a long  t h e  p i t c h  a x i s  without  
overturning on a s t r a i g h t  s l o p e  i s  0.4.moon g r a v i t y .  
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c 
Therefore ,  a / g  0 . 4  and 
I 
* - a =  1 
0 . 4  Sz/wi j - T S  t 1 s o  
o r  i n  terms of frequency: 
d -  1 -  - 
0.4 1 - W'/Wk + Jw 7" 
The most a c c u r a t e  pendulum considered has  an undamped n a t u r a l  
frequency of 2 c p s .  
Therefore ,  f o r  t h e  moon, the w i s  modified t o  be 0.417 t imes wm 
on t h e  e a r t h  because gmoon = 116 gearth. 
m 
T = c  i s  inc reased  6 times because of moon g r a v i t y .  
Mg 
MOLAB f o r c i n g  func t ions  have a 0 .5  cps f requency.  
2 seconds.  The pendulum should have a t e n  t i m e s  longer  pe r iod ,  o r  
20 seconds,  t o  i s o l a t e  it from t h e  d i s t u r a n c e  frequency. 
The per iod i s  
M, g, and 1 a r e  f ixed ;  t h e r e f o r e  e must be a l t e r e d  by changing t h e  
v i scous  f l u i d  . 
The pendulum i s  sub jec t ed  t o  o t h e r  f o r c e s ,  such a s  C o r i o l i s .  
f o r c e s  a r e  s t u d i e d  under t h e  v e r t i c a l  gyro.  The magnitudes prove t o  
b e  n e g l i g i b l e  
These 
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.. 
The b e s t  a v a i l a b l e  pendulum has a 2 minute of a rc ,  and 2 second 
o f  a r c  r e p e a t a b i l i t y .  This  may be redesigned f o r  t he  proper time 
c o n s t a n t  and perform w i t h i n  3 minutes of a r c  (1500 me te r s )  w i th  a 
3 second (25 .36  mete r s )  r e p e a t a b i l i t y .  
Other  f a c t o r s  e n t e r  i n t o  t h e  performance, i n c l u d i n g  t h e  f a c t  t h a t  
moon g r a v i t y  i n t u i t i v e l y  would m u l t i p l y  e r r o r .  Reduced load (g) 
s e n s i t i v i t y  and s t a t i c  (wm of s e n s i t i v e  components of p i v o t  f r i c t i o n )  
e n t e r  i n  to reduce e r r o r ,  as shown. 
3 . 2  GYROS 
Before d i s c u s s i o n  of ver t ica l  and d i r e c t i o n a l  gyros,  t h e  s u b j e c t  
of gyros i s  in t roduced .  
Two degree  of freedom gyros (Figures  2 and 3 )  a r e  a v a i l a b l e  wi th  
d r i f t  rates down t o  0 . 1  deg ree  p e r  hour .  Angular r a t e  of change 
i s  p ropor t iona l  to  t h e  component of to rque  a p p l i e d  p e r p e n d i c u l a r l y  
t o  t h e  s p i n  a x i s .  Gyro g a i n  i s  one.  
The gyro i s  the  u l t i m a t e  l i m i t i n g  f a c t o r  i n  performance of v e r t i c a l  
and d i r e c t i o n a l  gyros on any p l a t fo rm.  
I n  t h e  t r u e  sense,  a two degree  of freedom gyro has  a t h i r d  degree 
of freedom, a l igned  wi th  t h e  s p i n  a x i s .  The s t e a d y  p o r t i o n  of t h e  
to rque  is counteracted by motor bea r ings  and d r a g  e f f e c t s .  However, 
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I 
J 
A .  
I 
rn 
ey I 
CxlCy = Viscous drag 
coefficients 
Kex,Key = Elastic resitant 
constants 
Ix,Iy = Flywheel inertias 
Tx,T = Applied gyro torques 
Y 
H = Angular momentum 
FIGURE 2 TWO DEGREE OF FREEDOM GYRO 
TRANSFER FUNCTION 
a) Neglecting I and I ; Cx, C , K , K results in an ideal free 
X Y Y ex eY 
gyro. 
b) 1. X and y inertially stabalized reference axes are provided. 
2. Error signals are obtained without gyro  precession and without 
any significant time delay. 
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3 .  Since there i s  no s i g n i f i c a n t  t i m e  c o n s t a n t ,  H and C 
c a l i b r a t i o n  is no t  r equ i r ed  and a l s o  because ga in  i s  
independent of  H and C values .  
4 .  The gimbals do not  coerce the s p i n  v e c t o r .  
5 .  Torques w i l l  apply vrdered p recess ion .  
A .  
Y' X 
gimbal axis gimbal a x i s  
= e - e  
eY Y Y l  
= e -  e x ' ;  ex  X 
= HSB 
= -HSBx + I S 2  8 + ey (C S + K ) 
+ IxS2 8 x + e x  (CXS + Kex) 
T X  Y 
T 
Y Y Y  Y eY 
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A c c e l e r a t i o n  Mass Torque  D r i f t  
Direct i o n  S h i f t s  P roduced  Around 
Along Axis 1 Along Around 
! 
X - - 
Y 2 Y 
Z Y 2 
X Z Y 
Y 
Z X - 
X Y Z 
C Y X - 
Z - - 
A 
B - - 
c 
Figure 3 
A 
TWO DEGREE OF FREEDOM GYRO 
EFFECTS OF MASS SHIFTS AND ACCELERATIONS 
Z OUTER PRECESSION AXIS 
ACCELERATIONS 
B 
A I i  X ,  B\' Y ,  C !  Z g y r o  shown i s  a d i r e c t i o n a l  g y r o i a  v e r t i c a l  g y r o  
has i t s  i n p u t  a x i s  v e r t i c a l  so t h a t  i n t e r c h a n g i n g  
X and 2 a x e s  w i l l  p e r f o r m  t h e  n e c e s s a r y  change .  
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Bearing play along the inner precession axis or gyro gimbal deformation 
drift. 
The two degree of freedom gyro requires self-balancing, and ginbals 
around its two output axes. 
Wz = Z axis precessional velocity = = where Ty is applied X axis 
dt H 
torque;H is gyro angular 
momentum 
= y axis precessional velocity = 2 = 
dt H wY 
, 
makes it sensctive to accelerations along the spin axis, and it will 
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existing weak coupling between the spin axis assembly and gyro 
housing causes negligible modulation of angular momentum. Re- 
duced gravity means reduced loading on the gyro. Generally, the 
gyro will perform better on the moon than on the earth. 
The general subject of gyros is treated later in the report. 
3 . 3  VERTICAL GYRO, PLATFORM ERRORS 
The vertical gyro (Figure 4) is a two degree of freedom unit which 
has gimbal displacements about each output axis, measuring angular 
displacement from the local vertical axis. 
The gyro spin axis is maintained vertical through sensing of 
pendulum devices. This gyro serves the same purpose as the pen- 
dulum, but maneuvering does not cause oscillation. 
3 . 3 . 1  ERECTION 
Mutually orthorgonal pendulums on the inner or pitch axis feed the 
gyro (through roll and pitch gimbal torquing) proportional to gyro 
tilt. The tile, 8, is then expressed as: 
8 = o  - de - 
& dt / 
where is the erection system time constant, 
8 s  
-8, 1 = c 
Y 
et 8, -t’T where 8, = tilt of dt = 0 
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FIGURE 4 CONNECTING THE VERTICAL GYRO TO THE DIRECTIONAL 
GYRO, ALLOWING BETTER ACCURACY TO BE ACHIEVED 
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3.3.2 INERTIAL FORCES ACTING ON PLATFORMS IN MOLAB LUNAR REGION 
MOON RATE OR LATITUDE CORRECTION 
i The v e r t i c a l  gyro i s  a f f e c t e d  by t h e  h o r i z o n t a l  component of moon 
ra te  (F igu re  5). Without c o r r e c t i o n  the  gyro w i l l  t i l t  toward t h e  
west by an  amount: 
e =  w cos x m 
w = 0.536 O/hr = 2.6 x r a d l s e c  m 
w i t h  = 20 seconds to i s o l a t e  v e h i c l e  motion, e r r o r  i s :  
= 4' n o r t h  l a t i t u d e  i n  MOLAB t r a v e r s e  of Kepler - 
Encke region 
e = 20 x 2.6 x x .996 
8 = 0.18' arc = 10.8 secs 
. 
Although t h i s  e r r o r  is small ,  i t  i s  b e t t e r  t o  compensate f o r  t hese  
because o t h e r  e r r o r s  en te r  which add t o  the  t o t a l  e r r o r .  Roll and 
p i t c h  may be torqued as follows: 
=! 
TR 
=P m 
w m  cos l a t i t u d e  s i n  heading 
= H w cos l a t i t u d e  cos heading 
where H = Angular momentum of t h e  gyro 
= R o l l ,  p i t c h  torque r e s p e c t i v e l y  
TR' TP 
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rLEV E L I NG 
4 I w w  l i  ' f ' ,  mwv 
+.- 
FIGURE 5 NORTH AND VERTICAL COMPONENTS OF MOON RATE AS SEEN BY GYRO 
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3 . 3  3 VELOCITY ERROR 
I 
The moon i s  approximately s p h e r i c a l ,  and, when t h e  MOLAB t r a v e l s  a long 
t h e  l u n a r  su r face ,  i t  pi tches  forward,with r e s p e c t  t o  i n e r t i a l  space,  
a t  an angu la r  r a t e  of V I R .  V, i n  t h i s  ca se ,  i s  t h e  MOLAB v e l o c i t y ,  and 
R i s  t h e  r a d i u s  of t h e  moon. 
A v e r t i c a l  gyro i n  t h e  MOLAB w i l l  tend t o  t i l t  a f t .  The fol lowing r e l a t i o n -  
s h i p  e x i s t s :  
e - v  - -  7 R 
I' where 0/y i s  t h e  e r e c t i o n  r a t e .  The MOLAB v e l o c i t y  i s  5 kmlhr, and 
t h e  moon r ad ius  i s  1738 km. 9 i s  20 seconds; t h e  e r e c t i o n  time ' 
cons tan t  t o  i s o l a t e  v e h i c l e  motions.  
0 = ? V I R  = 20 seconds x 5 kmlhr 
1738 km x 3600 s e c l h r  
8 = 0.000016 r a d .  
I 0.054 min. 
3.24 s e c s .  
Th i s  e r r o r  may be eliminated by  applying a t.orque', H V / R ,  about t h e  r o l l  
a x i s ,  where H i s  gyro angular motion. 
3 .3 .4  CENTRIFUGAL ERROR 
A body on t h e  s u r f a c e  o f  the moon i s  sub jec t  t o  c e n t r i f u g a l  f o r c e ,  due 
t o  moon r o t a t i o n .  Therefore,  
2 
F 
where M i s  t h e  mass. 
M wm R cos l a t i t u d e  
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The horizontal component is: 
2 F sin latitude M wm R sin latitude cos latitude 
The angle that the vertical is displaced is with latitude equal to 
four degrees : 
Q = tan-' w m 2 R sin %cos> 
The MOLAB movement in the easterly direction adds to the moon rotation 
by an amount less than 1 / 4  the moon rate, which is negligible (assuming 
5 km/hr, MOLAB speed according to traverse statistics). 
3 . 3  .5 CORIOLIS ERRORS 
Coriolis acceleration results from a body moving linearly on a curved 
surface which is rotating. The Coriolis force is expressed: 
F z 2 M wm V sin latitude 
where V = velocity which, in practice, is expressed as Vn for the 
north velocity component and VI, for the east velocity component. 
Total Coriolis is the square root of the sum of the squares of both 
forces for the east and north velocity. 
Vn 1 V cos heading 
= V sin heading vE 
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2 - (4  M2 w: V2 sin heading sin2 latitude . FT - Total force, 
2 2 2  1/2 4-4 M wm V cos2 heading sin2 latitude) 
FT z 2 M wm Vsin latitude 
Coriolis acts normal to the MOLAB travel direction in the roll plane, 
and would result in a right of vertical error. The error, 
8 tan'l 2 wm Q sin heading 
g 
-1 When MOLAB 8 1 tan 2 x 2.6 x l o m 6  radlsec x 4 . 5 5  ft/sec x .06976 
5 .36  ftIsec2 
-6 8 = tan-' "27 x 10 e 0  
The MOLAB movement on the moon effectively experiences no Coriolis error, 
The vertical gyro must then be considered for the effect of MOLAB vehicle 
acceleration, velocities, and displacements. Thus the equation of motion 
of the vertical gyro must be presented: 
3 . 3 . 6  VERTICAL GYRO MOTION EQUATIONS IN TERMS OF TORQUE 
* r  - v  
1. p + E +  (FtJ - E) cos2 e] 6 - G L i cos e - 2 (F t J  - E) 6 e sin e cos e 
--Did- C1 6 - K il (outer or roll gimbal) 
1 
Y *2 . Y  2. (B 4 J) 0 + G  L 6 cos Q f (F 4- J - E) 6 sin 8 cos 8 . 
= - D2 8 - C 8 - K2 i2 ( i n n e r  or p i t c h  gimbal) 2 
0 
3 .  6 - 6 sin Q = L = constant 
m e n  the gimbals are nearly perpendicular (0 z O), equations 2 and 3 
reduce to: . L.
2A. (A+F-kJ) d - G L 8 
(B +, J) 8 + G  L 6 r - D2 8 - C2 Q - K 
- D1 6 1 C1 6 - K1 il 
.* . 
3 A .  i 2 2  
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G o  
J =  
Moment of i n e r t i a  (I) of o u t e r  gimbal about  o u t e r  gimbal a x i s :  
I of i n n e r  gimbal about i n n e r  gimbal a x i s .  
I of i n n e r  gimbal about wheel s p i n  a x i s .  
I of i n n e r  gimbal about an a x i s  perpendicular  t o  i n n e r  
gimbal and wheel s p i n  ax is .  
I o f  wheel about wheel s p i n  a x i s  
I of wheel about any a x i s  i n  plane of symmetry of wheel 
which i s  perpendicular  t o  s p i n  a x i s .  
t i m e  
Angular p o s i t i o n  of o u t e r  gimbal r e l a t i v e  t o  gyro case  ( r o l l )  
Angular p o s i t i o n  i n  i n n e r  gimbal r e l a t i v e  t o  o u t e r  gimbal 
( p i t c h )  
Angular p o s i t i o n  of wheel r e l a t i v e  t o  i n n e r  gimbal about 
t h e  s p i n  a x i s .  
Damping c o e f f i c i e n t  about o u t e r  gimbal a x i s  
Damping c o e f f i c i e n t  about i n n e r  gimbal a x i s  
Spr ing  r a t e  about o u t e r  gimbal a x i s  
Spr ing  r a t e  about i n n e r  gimbal a x i s  
.- 
' I  
K1 Torque scale f a c t o r  f o r  o u t e r  gimbal 
K2 z Torque s c a l e  f a c t o r  f o r  i n n e r  gimbal 
il z Outer gimbal to rque  c u r r e n t  
i2 I Inne r  gimbal to rque  c u r r e n t  
Gimbal i n e r t i a  t imes MOLAB acc .e le ra t ions  ( r o l l  and p i t c h )  produce 
unwanted torques. Therefore ,  gimbals should be cons t ruc t ed  a s  l i g h t  
a s  i s  poss ib l e .  
g r a v i t y  i s  1/16 t h a t  of t he  e a r t h  g r a v i t y .  
I n e t r i a  remains the same on the  moon, even though 
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P i t c h  and r o l l  displacement  from ze ro  causes  i n t e r a c t i o n  aboue both  
axes .  Actua l  MOLL]: r o l l  nioticn i s  l imi t ed  t o  below 10' because of  t he  
p o s s i b i l i t y  of t he  vehicle over turn ing .  P i t c h  motion may be as  h igh  
a s  4 0 " ,  
The torque  f a c t o r s  K i K2, and i a r e  r e a l l y  o v e r a l l  func t ions  of 
pendulum g a i n ,  se rvo  ampl i f i e r  g a i n s ,  and torque  t r ans . f e r  func t ion  
1' 1' 2 
ga in .  The v e r t i c a l  e r r o r  i s  inve r se ly  p ropor t iona l  t o  the  product  of 
t hese  t h r e e  terms. 
4 I n  s t a b i l i z e d  p la t form,  the re  a r e  two main f requencies  o f  i n t e r e s t .  
One, t h e  n a t u r a l  frequency of t he  p la t form servo  system, i s  a frequency 
of  minimum servo  s t i f f n e s s .  Large r o t a t i o n a l  excurs ions  may be 
expected a t  t h i s  f requency,  which usua l ly  i s  around 100 rad ians /second.  
Second, mechanical resonances of p la t form g i b a l  s t r u c t u r e ,  between 10 
and 10 rad ians /second,  would amplify v i b r a t i o n a l  d i s t e r b a n c e s ,  The 
2 
3 
MOLAB f o r c i n g  func t ions  a r e  a t  0 .5  cps ,  so t h a t  bo th  these  f a c t o r s  may 
be e l imina ted  from e r r o r  cons ide ra t ions .  
MOLAB f o r c i n g  func t ions  have a very  l i m i t e d  e f f e c t  on t h e  v e r t i c a l  
gyro.  Manufacturing es t imates  show t h a t  a v e r t i c a l  gyro wi th  a f i v e  
minute arc accuracy on e a r t h  may expect  somewhat b e t t e r  performance 
cx? the  moc)n, ever! vher? cons ider tng  the  w n r s t  liunar traverse 
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3.4 DIRECTIONAL GYROS 
A directional gyro is a two degree of freedom gyro (Figure 1) with 
horizontal spin axes. The spin axis is preferably aligned north or 
east, since it has been discovered that maximum residual azimuth error is 
reduced if the rotor points north-south. 16 
The gyro provides inertial azimuth reference. Since there is no mag- 
netic field on the moon, the gyro cannot be slaved. Since it must be 
opCrated free, it must be initi.slly aligned before each leg of the MOLAB 
traverse. Again, because it is free, the gyro must be counter-torqued 
to overcome drift from moon rate input. 
In order to minimize intercardinal tilt error when the MOLAB undergoes 
yaw, a roll stabilized directional gyro is desirable. A roll stabilized 
directional gyro is a conventional directional gyro mounted with an 
additional outer gimbal which is free to rotate about its roll axis. This 
roll gimbal will be slaved to a vertical gyro s o  that the gimbal will 
maintain the gyro azimuth axis parallel to local vertical through 360 
of roll rotation. 
0 
Since the gyro will be operating free from leg to leg of the traverse, 
it is important to_ obtain the highest quality two degree of freedom 
displacement gyro. 5 
Important gyro characteristics 
References 22,27,  and 29 show that:,high accuracy, directional gyros have 
include bearing play and gyro balance. 
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O.loto 1 
gyros  provide  l e s s  d r i f t .  
assumed f o r  c a l c u l a t i o n  purposes .  
v e r s e ,  t h i s  amounts t o  3.5 degrees .  However, a f a l s e  l a t i t u d e  c o r r e c t i o n  
may be fed  t o  t h e  gyro t o  o f f s e t  s t eady  s t a t e  d r i f t ,  l e a v i n g  only random 
d r i f t ,  which should be approximately 0.2'/hr maximum. S t a t i s t i c a l l y ,  gyro 
d r i f t  over  a long per iod  is not i n  t h e  same d i r e c t i o n ,  and t h e r e f o r e  averages  
l e s s .  
pe r  hour d r i f t  r a t e s ,  and t h a t  bea r ing  f r i c t i o n  averaging  
An average d r i f t  r a t e  of 0.5' p e r ' h o u r  i s  
For  t h e  maximum seven hour l u n a r  t r a -  
Reference 2, Appendix A, developes t h e  equat ion  i n  terms of EDT ( e x t r a  
d i s t a n c e  t r a v e l e d )  f o r  a heading r e fe rence  wi th  gyro t i l t .  
where a = s t r a i g h t  l i n e  course and 8 : d r i f t  a n g l e  
See F igu re  6 f o r  geometry. 
For  a 0.2O/hr random d r i f t ,  t he  EDT i s  0.225 km, which is 0.643% a d d i t i o n a l  
d i s t a n c e .  These a r e  p e s s i m i s t i c  f i g u r e s ,  s i n c e  b e t t e r  gyros a r e  a v a i l a b l e ,  
and d r i f t  r a t e  is random i n  r e a l i t y .  
Equat ions 1 and 2 of t h e  v e r t i c a l  gyro motion a r e  t h e  same f o r  t h e  d i r -  
d i r e c t i o n a l  gyro; however, equat ion 3 becomes: 
- e s i n  e = L = cons tan t  
w h e r e y  - angu la r  p o s i t i o n  of wheel r e l a t i v e  t o  i n n e r  gimbal 
Nu ta t iona l  c o n i c a l  o s c i l l a t i o n  of  t h e  gyro s p i n  axis has  a frequency 
which i s  a f u n c t i o n  of r o t o r  momentum, gimbal i n e r t i a ,  and torque  
a n g l e .  An azimuth gyro i n  a l e v e l  t r a v e l  pa th  has  a t y p i c a l  167 cps 
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FIGURE 6 GEOMETRY FOR DIRECTIONAL GYRO WITH 
DRIFT FROM STATION TO STATION 
OP 1 a = Station to station minimum distance 
S f Ro = Actual distance traveled 
EDT = Extra distance tr,. <eled = S t Ro - a 
8 1 Direct angle 
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4 
value and about 72 cps when banked about 65'. 
frequency of 0.5 cps can not cause the gyro to drift, since a gimbal 
gyro resonance can not take place at this frequency. 
In the MOLAB, a 'forcing 
42 
MOLAB forcing functions have a second order effect on the roll-stabilized 
directional gyros, as determined by state-of-the-art gyro manufacturers. 
3 - 5 COMBINED VERTICAL DIRECTIONAL GYRO RESULTS 
With the best roll stabilized vertical-directional gyro available (direct- 
ional gyro drift is 0.1 /hr), and considering inertial force and MOLAB 
forcing functions, the system, on the largest MOLAB leg (7 hours; 35 km), 
can have a 560 meter error, and a 0 . 9 2 O  error from the terminal leg of 
the path. 
0 
One manufacturer states that performance of a friction averaging 
non-roll stabilized directional gyro is 0.5 degrees per hour on the 
moon. For the worst , or seven-hour,traverse, the three sigma error 
is: 7hr 
3 Gerror 1 $vel x sin (7 x 0.5') dt 
2.1 km 
The CEP error is about one half of the 3 6  error, or approximately 
1 km. 
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4 .O RADIO FREQLJNCY NAVIGATION 
Radio frequency navigation encompasses the following possibilities: 
a) Using 
range-fix, identifying MOLAB position. 
the C/M as a navigation satellite for a three position 
b) Dropping radio beacons at each MOLAB station reached for use in 
ranging on two or more stations. 
c) Using the LEM with a beacon for homing on the MOLAB. 
The first method is available for 18 minutes of every 126 minutes that 
the C/M is over the horizon. This means that this method would necessar- 
ily be a backup method. 
LEM rendezvous radar could be used for ranging; the G/M has a transponder 
for this radar. Extensive computer equipment is needed to solve the 
range equations for particular C/M range coordinates when interrogated. 
This means the DSIF should house this equipment, and the equipment 
limited C/M would act as a relay for the MOLAB. Task Report 2A shows that 
accuracy increases as the time between range interrogations increases. 
This is not a problem. But the same report shows that for a C/M orbit 
approximating the actual orbit, error in C/M range coordinates are 
reflected 25 times as great in the solution of this navigation problem. 
Conflicting reports exist on the accuracy with which DSIF can provide 
C/M range fixes. 
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Figure 7 shows a 2400 meter error in CIM position at a lunar distance 
which is out of the question for this operation. 
"Capabilities of MSFN for Apollo Guidance and Navigation" by Bessett-Berman, 
Reference 63, with cover letter dated May 20, 1964 by Mr.S. Mardyce of 
However, a report 
1 the Manned Lunar Mission Studies, NASA, Washington, D.C., claims 5 100 
meters positional accuracy, assuming the same DSIF errors as Goddard. 
A recent letter by Mr. S. W. Mardyce of NASA Headquarters to Mt/l 
William B. Taylor, dated September 10, 1964, shows that several DSIF ' 
stations, after a period of tracking, can locate both the MOLAB and 
the C/M at i100 meters error. 
as a satellite, is 25 times greater atk2500 meters, it is not feasible 
to install equipment on the MOLAB and at the DSIF to solve this type 
of position fix. 
Since the MOLAB error, using the C/M 
The second method involves placement of radio beacons at the twelve 
stations other than the initial station. Practical considerations 
show that minimum equipment can be carried for this purpose. This 
calls for line-of-sight or VHF equipment which is small in size and 
power requirements. 
Line-of-sight transmission on the moon is limited, since the small 
diameter of the moon means a short horizon distance. The MOLAB 
traverse distances are such that high antennas would be needed. 
Considering that two emplanted beacons might service several stations 
also shows that antenna heights are too large to be considered. Figure 
8 shows transmitting antenna and receiving antenna heights versus lunar 
line-of-sight distance in kilometers. 
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F I G U R E  7 
THE EFFECT OF TRACKING' STATION LOCATION ERRORS ON 
SPACECRAFT P O S I T I O N  UP TO LUNAR DISTANCE 
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FIGURE 8 LUNAR LINE-OF-SIGHT NOMOGRAPH 
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The third method involves homing on a LEM beacon. At the average horizontal 
distances involved in the MOLAB traverse, medium frequencies are feasible. 
A 1300 W, 1500 mc, vertically polerized, pulsed carrier wave beacon 
transmitter with a 65 ft, retractable antenna can transmit 120 km. 
Maximum MOLAB range is 70 Ian. The 1000 Watts is for a peak pulse output. 
Pulse modulation techniques extend the beacon range over that obtainable 
with pure carrier waves. A MOLAB receiver using fixed crossed field 
loops and a vector sensing antenna would have a 20 kc bandwidth and 
approximately - 100 dbm sensitivity. Absolute angular error is in the 
neighborhood of one degree. 
The above cases assume that the moondielectric constant equals two 
and that the moon conductivity is 3 . 4  x 10 per meter. 
i 
-4 mhos 
Another factor which may affect the operation is solar wind. This 
is an electron protron stream emanating from the sun and traveling to 
the moon. The electron density is such that at 700 kc and below, radio 
propagation is effectively lost. This solar wind could act as an ionosphere 
(close to the moon's surface during noontirre), 
it is known that June, July, January and December have minimum solar 
wind. These are a l s o  the times for the most favorable earth launch 
period. There is a smaller probability that the solar wind will be 
minimum during the lunar mission time. 
This effect is unknom, but 
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0 
With a 1 absolute heading accuracy and a maximum MOLAB distance from the 
LEM, the MOLAB will travel a greater distance than that of an ideal path. 
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Reference 2 developed t h e  fol lowing formulas f o r  e x t r a  d i s t a n c e  t r a v e l e d  
by t h e  MOLAB wi th  LEM homing e r r o r  (See F igu re  9 ) .  - 
EDT 
where R = 
Ro 
c ) =  
EDT z 
R-R ( s e c  8 - 1) 
Distance from MOLAB t o  LEM 
( t h e  g r e a t e s t  d i s t a n c e  from t h e  LEM i s  93 km) 
The s i g h t i n g  d i s t a n c e  r a d i u s  which may be ignored a t  t h e  
93 km range.  
The f i x e d  angu la r  e r r o r  of t h e  beacon equipment, which is one 
degree  a b s o l u t e l y  
93 km ( sec .  1.0' - 1)  : 18.6 meters  
0 
As t h e  range dec reases ,  EDT d e c r e a s e s .  Thus, EDT is i n s i g n i f i c a n t .  
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FIGURE 9 MEDIUM FREQUENCY HOMING BEACON GEOMETRY 
f 
LE M 
BEACON 
R = Range t o  LEM f r o m  MOLAB 
8 z Constant o f f s e t  b i a s  of equipment 
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5 .O OPTICAL RANGE F I N D I N G  
Optical range finders are an aid to MOLAB navigation. Lunar points, 
known from terrestrial investigations, may be ranged on to provide 
position by triangulation techniques. 
From Reference 2, a minimum optical range of 1000 yards is cited. 
Line-of-sight horizon distance,with the optics approximately nine feet 
above the lunar surface, is estimated to be 6700 yards. 
An optical rqnge finder solves the surveyor's problem, shown in Figurelo. 
FIGURE 10 OPTICAL RANGE FINDER, WITH BASE LENGTH AB, 
SOLVES RANGE, R, WITH EQUATION R = AB T A N a  
4 3  
Range f i n d e r s  a r e  e i t h e r  s t e r e o s c o p i c  o r  co inc idence  t y p e .  
t ype  example contains  a scale i n  each o c u l a r .  
z igzag  row of do t s  r eced ing  t o  i n f i n i t y .  The d o t s  superimpose on the 
scene,  and each o b j e c t  i n  t h e  scene appears  t o  l i e  i n  t h e  same p lane  as 
one of them. The a c u t e  s t e r e o s c o p i c  sense  of humans al lows quick 
de te rmina t ion  of which do t  i s  coincirkntal w i th  an  o b j e c t .  This  t ype  i s  
u s e f u l  f o r  ope ra t ion  a t  h igh  v e h i c l e  speeds,  which i s  no t  t y p i c a l  of 
MOLAB o p e r a t i o n .  
A s t e r e o s c o p i c  
The scale appears  as a 
A second type  of r ange  f i n d e r ,  which i s  q u i t e  adequate  f o r  MOLAB op- 
e r a t i o n ,  i s  a coincidence type .  Re fe r r ing  t o  F igu re  10, t h e  image i n  
one h a l f  of t h e  f i e l d  i s  formed by one o b j e c t i v e ,  l e n s  A, and t h a t  i n  
t h e  o t h e r  h a l f  i s  formed by t h e  o t h e r  o b j e c t i v e ,  l e n s  B .  Prism angu la r  
movement of lens  B i s  r equ i r ed  t o  b r i n g  t h e  image i n  t h e  two ha lves  of 
t h e  f i e l d  i n t o  co inc idence .  Th i s  movement i s  then  converted i n t o  range 
o f  t h e  o b j e c t .  
Range f i n d e r  accuracy depends, then,  on a n g l e  measurement accuracy, 
which i s  a func t ion  of t h e  o p t i c a l  system m a g n i f i c a t i o n .  The h i g h e r  
t h e  magn i f i ca t ion ,  t h e  g r e a t e r  t h e  accu racy .  The b r i g h t e r  t h e  o p t i c a l  
t a r g e t ,  t h e  g r e a t e r  t h e  magn i f i ca t ion  t h a t  may be used .  
The l u n a r  atmosphere has  no e f f e c t  on t h e  r ang ing  e q u a t - n ,  s i n c e  t h i s  
atmosphere i s  only one t e n  thousanth t h a t  of t h e  e a r t h *  
Three meter base l e n g t h  range f i n d e r s  a re  a v a i l a b l e  wi th  r e s o l u t i o n  
of one p a r t  i n  ten thousand. 
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5 . 1  ERROR CALCULATIONS 
Again, t h e  range equat ion i s :  
R AB t a n q  
D i f f e r e n t i a t i n g  f o r  e r r o r :  
dR 1 AB s e c 2 d d C i  
where d R  i s  i n  r ad ians  
dR z AB sec2 ( a r c  t a n  & ) d O( 
AB 57.3 
0~ has a maximum of n i n e t y  degrees,  and f o r  a minimum range R min " 
-1 
a m i n  = t a n  %in 
AB 
then ranges through: 
900 - tan-' &in 
AB 
The r o t a t i n g  l e n s  system, o r  m i r r o r  system, a t  B a c t u a l l y  moves through 
a small ang le ,  while  t h e  360' readout  is engaged through a gea r  t r a i n  
of r a t i o  N .  The r a t i o  N i s :  
Readout angle ,  a,, i s  r e l a t e d  t o w  and N as fol lows 
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The range error equation then becomes (in terms of readout angle),: 
-1 
dR z sec2 (tan R) 90 - tan-' AB %in dwR AB 
360 x 57.3 
where R and AB are in meters. 
Assume a minimum range of five meters, a three meter base length, and a 
maximum visible didtance of 6790 yards. Error is 235 meters. At a minimum 
expected sighting distance of 1000 yards, error is 5.3 meters. Figure 
llgives the error for the whole sighting range distance to be expected. 
46 
FIGURE 11 RANGE ERROR VS RANGE FOR OPTICAL RANGE FINDER WITH 1/10000 RESOLUTION 
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6.0  AZIMUTH DEVIATION DUE TO TILT OF OPTICAL OR ANTENNA EQUIPMENT 
\ 
Where v e r t i c a l  d e v i a t i o n  occur s ,  t he  t i l t  r e s u l t s  i n  a n  azimuth e r r o r  which 
\ 
i n c r e a s e s  bo th  with t i l t  and e l e v a t i o n .  The geometry of t he  s i t u a t i o n  i s  
seen i n  F igu re  1 2 .  The equa t ion  f o r  A ,  azimuth e r r o r ,  i s :  
2 
-1 t an  E + L) + ;:s E s i n 2  2 A I "  
cos A cos2 E s i n  A 
A A  = t a n  
+ L) 
-1 t a n  E 
cos  A cos ( t a n  J 
where A = Azimuth 
A = Azimuth e r r o r  
CL = Cross l e v e l  ax i s  e r r o r  
E = Eleva t ion  ang le  
L = Level a x i s  e r r o r  
A p l o t - o f  azimuth e r r o r  versus  e l e v a t i o n  a n g l e  f o r  va r ious  t i l t s  i n  l e v e l  
and c r o s s  l e v e l  i s  shown i n  Figure 11. 
c- 
With t h e i r  5' r a d i a t i o n  cone, MOLAB antennas may be 2 2 degrees  o f f  c e n t e r  
and s t i l l  make contact  w i th  the e a r t h .  With a maximum e a r t h  d e c l i n a t i o n  
ang le  r e l a t i v e  t o  t h e  moon, and a MOLAB p i t c h  of 3O0,the p l o t  shows t h a t  
a 0.25' t i l t  w i l l  g ive  2' azimuth e r r o r .  If the an tennas  were s l aved  t o  an 
e a r t h  t r a c k e r  i n e r t i a l  p l a t fo rm,  the  coord ina ted  would be t h e  same, and t i l t  
could be k e p t  t o  a minimum. I f  n o t ,  a c o o r d i n a t e  conve r t e r  s l aved  t o  r o l l  and 
p i t c h  would be necessary.  
48 
3 
AZIMUTH 
ERROR 
ID  E c R EES) 
RIDGE POINT 
EL E VAT I O  N 
L.O.S.--I’ ‘ 6 (HORIZONTAL PLANE) 
’ I  
ELEVATION 
(TILTED PLANE) 
OPTICS-’ 
F I G U R E  12 HEADING ERROR DUE TO VERTICAL DEVIATION 
FIGURE 13 
AZIMUTH ERROR VERSUS ELEVATION ANGLE 
SO 0 I 5  30 4 E  6C 7’ 
E L E V A T I O N  ANGLE 
(0 E G R E E 5) 
49 
7 . 0  GYROS 
t 
The gyro f i e l d  has expanded r a p i d l y  i n  t h e  l a s t  decade. The race has 
been toward extremely low d r i f t  r a t e s .  D r i f t  ra te  needs v a r y  wi th  
a p p l i c a t i o n  as follows: (MOLAB p o s s i b i l i t i e s )  
I n t a t i d  measurement u n i t  - O.OOlO/hr - O . l o / h r  
High accuracy d i r e c t i o n a l  gyro - 0 . l O / h r  - 1 .Oo/hr 
V e r t i c a l  gyro - 5 - 50°/hr 
The O.OOlO/hr d r i f t  rates a r e  a v a i l a b l e  i n  gyros wi th  20,000 hour l i f e  
expectancy. These gyros would be used i n  s t a b l e  p l a t fo rms ,  where 
s i g n a l s  a r e  con t ro l l ed  by se rvo  motors which, i n  t u r n ,  are  c o n t r o l l e d  by 
t h e  gyro p i c k o f f .  The gyro angu la r  momentum i s  e f f e c t i v e l y  m u l t i p l i e d  
by se rvo  g a i n .  S m a l l  s e rvo  s i g n a l s  c o n t r o l  t h e  gimbals, so  t h a t  t h e  
gyro has  movement l i m i t e d  t o  less than a degree .  The p l a t fo rm al lows 
v e h i c l e  motion i s o l a t i o n .  Thus t h e  gyro o p e r a t e s  b e s t  i n  t h i s  environ-  
ment. 
There .are e s s e n t i a l l y  f i v e  types of gyros: 
a )  Gimballed r o t o r  gyros,  which a r e  widely used.  
1. two degree of freedom gyro (displacement) 
2 .  one degree of freedom gyro (displacement r a t e )  
b) Free r o t o r  gyros(used s i n c e  t h e  mid 1950's) :  These c o n t a i n  s p h e r i c a l  
bear ing support f o r  t h e  r o t o r  a l lowing t h r e e  degrees  of freedom 
about a point(disp1acement).  There a r e  t h r e e  kinds of suppor t :  
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1. Autolubricated gas bearing 
2 .  Electrostatic support 
3 .  Magnetic support (super conductive body under cryogenic conditions). 
Electronics are very critical in this type gyro, and special fabri- 
cation and gaging techniques are needed. 
c) Fluid rotor gyros: This type has a spinning fluid body or a fluid 
stream, which is the inertial element (displacement, rate). Forces are 
measured by pressure differential. Complex hydrodynamic effects occur. 
d) Vibrating gyros: The inertial element in this type gyro oscillates 
rather than rotates (displacement, rate). This gyro has too high 
a drift rate. 
e) Particle gyros : This type of gyro has angular momentum of atomic 
nucelli, lesser frequency difference properties, or translational 
momentum of electrons. It provides gyroscopic action. 
All of these types are in a research stage. 
Approximately 100 new kinds of gyros have been studied recently. 
vibrating type gyro, described in (d), is not considered for the MOIAB 
because it is too high in drift, and the particle gyro described in (e) 
is still in a research state. Requirements of inertial sensors are 
increasing from 
in 1968. 
The 
-7 degrees per hour in 1964 to 10 degrees per hour 
For this reason, exotic gyro designs are being studied. 
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For completeness, the following is a list of gyros (types described in 
c, d, and e), with present and potential drift rates: 
GYROS DEGREES/HOUR DRIFT 
Electrostatic 
Electromagnetic 
C r yo ge n i c E 1 e c t r oma gne tic 
Nuclear Spin 
Cryogenic Nuclear Spin 
Fluid, Compressible 
Fluid, Incompressible 
Loser 
Vibrating 
- Po ten tial ly 
0.01 
0.001 
0.0001 
0.001 
0.0001 
0.2 
0.8 
0.001 
4.0 
The cryogenic magnetic (rate, displacement) and cryogenic nuclear spin 
(rate, displacement) offer the best hope for future use. 
Two degree of freedom displacement gyros were discussed earlier in the 
report with respect to vertical and directional gyro applications. 
free rotor gyro is presently displaying good results, 
been sufficiently proven for use in the MOLAB mission. 
The 
but it has not 
The gyro may be considered as a black box, so that a transfer function 
may be developed for it, and design may proceed by modification of 
transfer function parameters as shown in Figure 14. 
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FZGURE 14 TRANSFER FUNCTIONS - SINGLE DEGREE OF FREEDOM GYROS 
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Gyros of even 0.001 degree pe r  hour d r i f t  possess mass unbalance,  
a s symet r i ca l  suspension, s t a t i c  f r i c t i o n ,  unbalanced to rques ,  d i s -  
t u r b i n g  torques from p i c k o f f s ,  thermal t r a n s i e n t s  plus  e r r o r  sources  t h a t  
a r e  no t  y e t  i d e n t i f i e d .  The r a t e  i n t e g r a t i n g  type,  f l o a t e d ,  i s  used 
mainly on s t a b l e  p l a t fo rms .  A 10 inch mass d r i f t  of a L O  gm-cm i s e c  
gyro wheel r e s u l t s  i n  a 0 1 degree pe r  hour d r i f t  r a t e  i n  a one g 
- 6  h 2 
- environment. The O.OOlO/hr d , i f :  has been a d i f f i c u l t  t a s k  to  
ach ieve .  
Two degree of freedom i n e r t i a l  type gyros (TDF) e x i s t  with non-re- 
movable d r i f t  r a t e s  of l e s s  than 0 . 0 1  degrees p e r  hour .  
Gyro d r i f t  over a long term period cannot be s a i d  t o  be continuous i n  
one d i r e c t i o n ,  so  t h a t  s t a t i s t i c a l l y  some averaging t akes  p l a c e .  The 
longes t  t r a v e r s e  of t h e  MOLAB i s  seven hours ,  and t h e  s h o r t e s t  i s  1 .75 
hour s .  D r i f t  r a t e s  of 0 . 0 1  degrees  pe r  hour have n e g l i g i b l e  e f f e c t  on dead 
reckoning performance. 
A ques t ion  of t w o  degree of freedom o r  s i n g l e  degree of freedom (SDF) 
gyro s t a b l e  platforms must be considered,  t hen ,  i n  terms of d r i f t .  I n  
terms of azimuth d r i f t  r a t e ,  h o r i z o n t a l  a c c e l e r a t i o n s  a r e  sensed 70 per-  
cen t  i n  t h e  SDF platform arrangement, while t h e  TDF p la t fo rm senses  100 
pe rcen t ,  bu t  averaging c i r c u i t r y  can reduce t h i s  t o  70 p e r c e n t .  Azimuth 
d r i f t  under v e r t i c a l  a c c e l e r a t i o n  i s  sma l l e r  f o r  a TDF p la t fo rm than f o r  
a SDF p la t fo rm.  
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TDF gyros a r e  much l e s s  s u s c e p t i b l e  t o  d r i f t  with r o t a r y  
a t  t h e  o u t e r  case of t h e  gyro t han  a re  t h e  SDF gyros .  
damping r a t e ,  C / H  of the SDF g y r o ,  the less the e f f e c t  of r o t a r y  
v i b r a t i o n s .  
The l a r g e r  t h e  
MOLAB 0.5  cps,  s t e p ,  and s inuso ida l  d i s tu rbances  considered wi th  gyro 
d r i f t  rates a re  parameters t o  be considered o v e r a l l .  The lower d r i f t  
r a t e  of SDF gyros,  but  h i g h e r  v e r t i c a l  a c c e l e r a t i o n  e r r o r  and h i g h e r  
d r i f t  r a t e  of TDF gyros with lower v e r t i c a l  a c c e l e r a t i o n  e r r o r  i n d i c a t e  t h a t  
e i t h e r  may be used i n  t h e  MOLAB on a t r adeof f  b a s i s ,  
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8 .O ACCELEROMETERS 
I 
Accelerometers are inertial systems transducers which obey Newton's 
second law for translation or rotation.. The accelerometer has been 
improved, mainly for missile application, to have very low g sensing 
(approximately 10-l' to g), and to withstand high g loading. 
The MOLAB requires accelerometers which act with horizontal ac- 
celerations limited to less than one moon g. The newer types 
(electrostatic and electromagnetic) are not applicable here, but 
certain older designs (pendulous types) can adequately fit the 
task. 
Accelerometers obey a law of equivalency. If the transducer is tilted, 
it will sense both horizontal and gravitational accelerations. 
In the design, both Open Impad elastic restraints are used to oppose 
the force sensed. The latter is preferred since, with feedback, there 
is vertually no error caused by off neutral 
mass. 
deflection of the test 
Practical design of the accelerometer requires that a trade off be 
made between sensitivity plus linearity,and range. 
t 
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1.. 8 . 1  ERRORS 
Bias e r r o r s  a r e  caused by unwanted f i x e d  t o r q u e s .  A t t e m p t s  are  made 
t o  compensate f o r  t h i s .  These e r r o r s  a r e  a l s o  c a l l e d  n u l l  u n c e r t a i n t y ,  
and, i n  p re sen t  day pendulous type,  a r e  i n  t h e  o r d e r  of g .  
Threshold e r r o r s  a r e  due t o  s t a t i c  support  f r i c t i o n  and o t h e r  f a c t o r s  
which a r e  i n s i g n i f i c a n t .  Today's pendulous type  have th re sho ld  e r r o r  
i n  t h e  o r d e r  of 2 x lo- '  g .  
R e c t i f i c a t i o n  e r r o r s  are caused by s t r u c t u r a l  resonance from v i b r a t i o n .  
MOIAB f o r c i n g  func t ions  a r e  a t  l e a s t  100 t i m e s  removed ( i n  t h e  lower 
d i r e c t i o n )  from accelerometer resonance and, t h e r e f o r e ,  t h e r e  i s  no 
problem. 
-6 2 L i n e a r i t y  o r  scale e r r o r  i s  i n  t h e  o r d e r  of 5 x 10 g /g  f o r  p re sen t  
day pendulous acce le romete r s .  
Accelerometers probably would be used i n  an IMU a s s o c i a t e d  wi th  a 
d i g i t a l  computer. Analog computers a r e  l i m i t e d  i n  p r a c t i c e  t o  one 
p a r t  i n  1000 accuracy, which i s  n o t  considered adequate,  while d i g i t a l  
accuracy i s  t h e o r e t i c a l l y  unl imited a s  a f u n c t i o n  of th.e number of 
b i t s  employed. Also, t h e  d i g i t a l  computer i s  sma l l e r  i n  s i z e ,  and 
MOLAB space i s  a t  a premimum. An i n t e g r a t i n g  ( v e l o c i t y  meter)  o r  
double i n t e g r a t i n g  ( d i s t a n c e  meter) i s  p r e f e r r e d ,  s i n c e  t h i s  eases  
t h e  d i g i t a l  computer c a l c u l a t i o n s ,  
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Accelerometer accuracy is most important in short term operat'ion, 
such as in missile flight, while the gyro error is most important 
in long term operation such as MOLAB mission. 
From Reference 5 5 ,  accelerometer errors can be described as follows: 
Error Error Transform Distance Error- Distance Error- 
Trans form Time Function 
AV *Is cv - Fs sin wt 
S 
Accelerometer A V  ' E  
L 2 
Scale - Impulse (Velocity Change x (S -tw W 
Scale Error) 
Accelerometer na 
S 
Bias - Step 
(a : acceleration) 
A a  r -  L a  
S ( S 2  t w2) WL (1 - cos wt) 
For short term errors (in the vicinity of five minutes) the distance 
error time function for an accelerometer scale - impulse error is 
approximately A V .  t',. t. For short time errors, the distance error 
time function for an accelerometer bias - step error is approximately 
1/2*Aa't 2 . 
MOLAB velocity is in the vicinity of 5 kilometers/hour, according t,o 
traverse information. This is 4 . 5 5  feetbecond, 
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In Reference 55, curves are given for peak error versus veloc’ity change 
in feet per second for long term and short term errors for specific 
accelerometer scale and bias errors. 
celerometer scale error of one part in 1000 has approximately a 0 - 5  
nautical mile error for a velocity change of 4000 feet per second. 
Interpolated, a four foot/second velocity change would give a peak 
error of approximately one metes. Again for long term errors, an 
accelerometer bias error of approximately 1.0 x g results in 
a peak error of approximately O q 7  nautical miles. 
For long term errors, an ac- 
Thus, accelerometer bias error is important in the overall accuracy 
in long term errors, while accelerometer scale error has negligible 
effect for long term operation. An accelerometer bias error of 
.:. slightly more than one order of magnitude has approximately 0,06 
4 %* 
I nautical miles error. 
$or short terms (five minutes) errors, an acceleration scale error 
of one part in ten thousand for a four foot/second velocity change 
is interpolated as 0.1245 feet - - -  a negligible quantity, 
Accelerometer bias error of 1 x g leads to a 150 foot error, 
while a bias error of 0,l x g leads to a 15 foot error. 
For the sake of completeness, accelerometer types are listed, 
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8 . 2  TYPES OF ACCELEROMETERS 
a) Elastic Constraint Accelerometer 
The principle of stress proportional to stain is used 
spring supported mass system or the electrica equiva 
transfer function for the mechanical system is: . 
in a 
ent. The 
where X = Accelerometer test mass displacement with respect to 
the case. 
a = Space Acceleration 
M = Mass 
K = Spring Constant 
The M/K ratio is the steady state displacement response to unit ac- 
celeration, and the (M/K)1/2 equals l/wm . The damping coefficient 
is C. 
v 
2 
The factors of S in the denominator are two times the damping factor 
times l/wm. 
With damping close to critical, the accelerometer responds uniformly 
from zero to resonant frequency. Gain and resonant frequency must 
be traded off in practice since both are related to M and K. This 
design was most predominant in the earlier days of accelerometer 
design. 
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b) Viscous Shear Accelerometer (integrating type) 
Here, stress is proportional to the shear rate of a liquid. 
c) Inertial Constraint Accelerometer 
1. 
2 .  
3 .  
4 .  
Reaction Rotor: 
Sensed acceleration is balanced by the acceleration of the 
rotor 
Gyropendulum: 
Sensed acceleration causes precession of the gyro in a manner 
proportional to rate. 
Balanced Centrifugal Force: 
Sensed acceleration i s  balanced by the accelerometer centrifugal 
force- 
Vibrating Strings (Integrating type) : 
Sensed accelerations cause one string on one side of the mass 
to increase tension and therefore increase frequency, while the 
second string decreases tension and lowers frequency. 
(frequency atension 1 3  
d) Balanced Electrostatic Force Accelerometer 
1. The test mass is constrained by electrostatic force, A high 
performance servo is used in conjunction with it. 
2 .  This version has an acceleration reaction or suspended macro- 
scopic particles in an electric field. It is now in the 
research stage, When developed, these sensors will cost one- 
forth that of other inertial sensors, and will have about one- 
third the size and weight. 
6 1  
The particles ( 2 . 5  to 250 microns) are shot into an evacuated 
ring chamber containing an electrical force field from balancing 
electrodes. Acceleration causes these particles to displace. 
Open or closed loop operation is possible. 
e) Kinematic Accelerometer 
1. Transit Time Principle: 
Operation depends on the passage of unconstrained particles 
through fixed points - 
2 .  Pendulum Principle (integrating type) : 
The pendulum oscillates freely in a plane containing the 
acceleration vector. Errors are associated with cross coupling 
from acceleration normal to the sensing axis and a rectification 
error torque where compliance can allow defection from vibration 
forcing. (Viscous damping is normally used.) 
For small angles, the ratio of the pendulum angle with respect 
to the case,%to space sensed acceleration a is: 
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- .  . -
I 
where L .= Pendulum Length 
M = Pendulum Mass 
K = Spring Constant 
C = Damping Constant 
The ML/K ratio determines the steady state angular displace- 
ment to acceleration. 
3 .  Rotating Pendulum (integrating, double integrating); 
Sensed acceleration is developed by angular velocity modulations 
of the mass unconstrained motion,and measured from time and 
angular position. Slow variation, low level accelerations can 
be sensed. 
The pendulous gyro version integrating type is a single axis, 
floated, damped system with a fixed unbalanced gyro type 
gimbal. A servo system modifies the pickoff information to 
drive the gyro, to KUI: the pickoff, Servo gain is high to 
reduce pendulous crosstalk. 
A double integrating version has a bearing supported pendulous 
gimbal in the accelerometer case, Tke motor rotor is free 
to turn. Gimbal motion restraining torque is transferred 
across the motor air gap when the  servo amplifier responds to 
pickoff error. 
6 3  
Motor angular acceleration is a function of the linear ac- 
celeration and motor angular velocity is a function of linear 
velocity. 
distance travelled or the double integral of the sensed 
acceleration. 
Motor angular position is a function of linear 
f) Electromagnetic Accelerometer (integrating type) 
Force is proportional to current carrying conductor effect in 
a magnetic field. 
6 4  
.- 9 .O MOLAB NEED FOR STAR TRACKERS 
Several arguments favor the use of star trackers for MOLAB navigation, 
Celestial observations from a steady platform on the moon will have 
accuracy comparable with that on the earth, In the initial six-month 
unmanned MOLAB lunar storage period, an automatic star tracker appears 
ideal for automated navigation information. 
A star tracker is a long term accLrate device, while gyro stabilized 
platforms are short term accurate devices; therefore, a tracker has 
the ability to provide corrections to inertial references. Automatic 
celestial fixes cut down on mission delay time. The work load of the 
astronaut should idealistically be cut down in the normal work function 
areas, to allow maximum possible time for concentration on scientific 
assignments. 
A star tracker gives azimuth and elevation outputs which, when the 
tracker seeks earth, gives ea tpu ts  directly to stabilize ccmmnicati.cn 
antennas that feed information to earth. 
tracker, extra equipment would be needed to convert normal roll and 
pitch platform information to the req-ifremenls oi the azimuth and ele- 
vation antenna. Star tracker power requirements are a minimum, as is 
the physical size. 
Without an earth seeking star 
Few companies have been highly involved with star tracking equipment; 
therefore, information is somewhat limited. Trackers have been built 
6 5  
which are unique for different applications, An earth-sun tracker would 
be a possible modification of existing sun-star trackes. Latest star- 
tracker information indicates accuracies to a less than 5 seconds of 
arc. 
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10 -0 LEM/MOLAB RELATIVE NAVIGATION 
MOLAB nav iga t ion  inc ludes  long time per iods out  of t h e  sigh.t range of t h e  
MOLAB i n  t h e  l u n a r  day, and i n  the l a t t e r  q u a r t e r  of t h e  mission,  du r ing  
t h e  l u n a r  n i g h t ,  It i s  d e s i r a b l e  t o  r e l a t e  course and d i s t a n c e  t o  t h e  
LEM i n  c a s e  of danger .  A MOLAB/LEM medium frequency process  provides 
r e l a t i v e  bea r ing  wi th in  one degree.  Dead reekoning computations f ed  t o  
a computer ( p r e f e r a b l y  d i g i t a l ,  because of accdracy and readout ease )  
can cont inuously provide d i s t a n c e  and bea r ing  r e l a t i v e  t o  t h e  MOLAB. 
P i t c h  modified odometer d a t a  (5% accuracy)  can be f ed  t o  an azimuth 
r e s o l v e r  on a s ta r  t r a c k e r  s t a b l e  p l a t fo rm and /o r  d i r e c t i o n a l  g y r o ,  
heading of LEM from t r u e  no r th  i s  known by t h e  IMU.  
i s  c e l e s t i a l l y  determined a t  the LEM s i t e ,  s t a t i o n  number one,  The 
The 
The MOLAB heading 
r e s o l v e r s  on t h e  platforms can be r o t a t e d  t o  make heading r e l a t i v e  t o  t h e  
LEM(p1atform d r i f t ,  p e s s i m i s t i c a l l y ,  i s  0 .5° /h r )  The d i g i t a l  computer 
w i l l  c o n t a i n  E M  coord ina te s ,  and MOLAB d i r e c t i o n  and d i s t a n c e  w i l l  be 
cont inuously d i sp layed  r e l a t i v e  t o  t h e  LEN t'nroagh A i D  converrred 
dead reekoning information 
For phychological purposes,  i t  i s  good t o  have a p l o t t e r  with a moon 
t r a v e r s e  r eg ion  map which i s  fed by t h e  dead reckoning d a t a ,  so  t h a t  
t h e  a s t r o n a u t  w i l l  have a v i s u a l  f i x  of h i s  t r a c k ,  r e a l t i v e  t o  t h e  LEM, 
from s t a t i o n  t o  s t a t i o n .  This  d a t a  could be r e l a t i v e  t o  t h e  LEM, o r  
u s i n g  a platform n o r t h  o r i en ted  azimuth r e s o l v e r ,  r e l a t i v e  t o  t h e  
n o r t h .  Map accurac i e s  a r e  i n  t h e  o r d e r  of one km o r  approximately two 
minutes of a rc .  
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Relative navigation errors are then almost all accounted for by dead 
reckoning errors. 
It is desirable to have 
LEM while the MOLAB is traversing. Azimuth and elevation relative to 
the desired object must be accounted for to keep the object tracked. 
periscopic optics to look at objects such as the 
Since map accuracies are 4 one kilometer, the object to be tracked 
must have a manual differentially added tracking ability to initially 
find-set the optics on the target. 
will contain settable counters for initial positicnlng of the MOLAB, and 
map coordinates of the object to be tracked. TFle MOLAB dead-reckoning 
mode would have integrated odometer velocity information (5X accurate) 
times cosine pitch, which, when resolved about the azimuth, would give 
the distance traveled, nort’- and east‘, Tbis will be added to or sub- 
tracted from the initial computer counter, MOLAB + - i v f ’ -  ant1 east 
starting fix, to give a running account of the MOLAB position all along 
the traverse. This information can, in tirn, be subtracted from the 
optics target object set in C P C T * ’ ; R ~ ” ~ S ,  
A computer (analog or digital) 
This information then can be resolved to give azimLtt_ relative to the 
LEM. 
the limit of map accuracies. 
The optics azimuth can then position tk.e LEM cn the target within 
A differential manual optiLs t r a  k i - 9  ’3q ; l e  - : - I  ~ : ; C ? I ?  s e r  c? ,^pt l c s  
in the azimuth on the targets (one km equals two minbtes) if this is 
desired. The problem of elevation or deiiination remains, 
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Again, dead reckoning integrate'? veliocf imes tke sin of  pit& 
gives a running account of altitude with initial MOLAB elevation set 
in analog or digital counters. 
target elevation (predicted elevations are to be known within kl50 
meters by 1968). 
servo and again a differential manual track handle can finely position 
it for an exact elevation fix, 
This can be subtracted from the optics 
The information can drive the optics declination 
Errors are mainly from the dead-reckoning equipment, The three-sigma 
error would be the odometer error times the sin of the azimuth drift 
integrated over the time period. One optics target can be considered 
to be tracked f o r  no more than one hour. 
0 5 x 5 h/hr x sin 0 1 dt 
si. 
0 
is the error for a combined odometer-roll stabilized, unslaved, directional 
gyro considered in this report. The error is negligible 
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11.0 CELESTIAL NAVIGATION HARDWARE 
Celestial navigation errors are independent random errors which combine 
in a root sum square manner. Error sources are: 
a) Reading or tracking 
b) Vertical deflection 
c) Timing 
d) Ephemeris 
e) Computation 
f) Plotting 
11.1 READING 
The astronaut is hardware, in a sense. It has been determined that 
uncorrected personal error amounts to one minute on rn33nua1 instruments. 36 
Since there is no lunar free liquid surface to serve a s  an elevation 
datum on the lunar surface, there is no visible and natural horizontal 
reference. Although there are complicated techniques f o r  using a 
modified sextant without a vertical reference, it is better to use a bubble 
sextant than a conventional or modified conventional sextant. Bubble 
sextants are not as accurate as the original sextant. Dip or height of 
eye correction does not apply, but still error amounts to 2 ’ .  
Gravity anomalies will add to the error Based on 10 seconds error’ 
{Reference 67) ;  the.moon will have 6 0  seconds er ror  
gravity fattors, one minute may be assumed. 
Bas2d on both 
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The transit i s  gradually being replAced by tb-e theodolite, which i s  
capable of first order accczracy in geodetic sxrveying (one part i n  
L 
* 25,000). Ti-eodolites have been &onsidered as p3rt 01 tFe s-ienrifi. 
mission in conjsnction wit% a chronometer f o r  .elestisl position tixes, 
as well as for other purposes. Theodolites exist w i t +  accuracies of 
0 - 2  seconds of arc, 
and are faster and easier to read, 
They also are designed for cornpaitness. light weight, 
Considering uncorrected personal error in conjunction with the 0 - 2  
second of arc, an accurate theodolite can be considered to give a one 
minute error in reading. 
11.2 VERTICAL ERRORS 
Muon gravity is stated as 1/6 eart? gravity. however, noct-ing is 
known concerning lunar vertical deflections and anomalies. Lunar 
topography irregularities, cocpled with the Icw valcLe of: gravity, seems 
to indicate that large anomalies may exist, 'I'e proposed MOLAB 
traverse shows that the majority of traverse stations dre by ;raters 
and areas of sharp contrast to t h e  Mare 2nd ray material It is in 
areas of sharp contrast tkat gravity anomdlies are likely to beth+worst. 
A gravimeter is necessary to determine gravity deviation, P i s  in- 
strument has been planned as part of tbe scientific mission. Tp.e 
vertical may then be corrected by tkis amount. If uncorrected, rekerence 
is made to the earth's gravity f o r  comparison with moon gravity- 
states a 1.1 minute maximum earth error for a region of high s lope  
mountains bordering on a sea, 
Bowditch 
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11.3 "G 
On a r o r a t i n q  moon. d s  w e l i  a s  on 3 ro t c i t i ng  e A r t ! ,  t i m l n j  01 s . n  o r  
s t a r  f ixes  i s  of ::on,ern. CfLronorneters a r e  p r e s e n t l y  a v ~ t i l 3 b ~ e  w i t l -  
a d a i l y  e r r o r  of f 0.05 seconds.  
s u r f a c e ,  cons ide r ing  a s p i n  r a t e  of 0.536 degrees  p e r  hour ,  i s  th.en 
0.0268 a rc  seconds.  One second equa l s  8 . 4 2  meters on t h e  moon. The 
e r r o r  i s  n e g l i g i b l e .  
Greenwich mean t i m e .  Chronometers must be checked d a i l y  t o  keep a 
r eco rd  of  t i m e  l o s t  o r  gained i n  o r d e r  t o  main ta in  t h e  h igh  accuracy of  
the chronometer. 
An e r r o r  01 0,05 se..onds <In the  l u n - t r  
Timing i s  s e t  w i t v  r e s p e c t  t o  t h e  t e r r e s t r i a l  o r  
Navigat ional  watches a r e  a v a i l a b l e  * l i t h  f: two seronds e r r o r  p e r  day .  
These watches may be r e fe renced  t o  t h e  chronometer f o r  c n l ~ u l a t i o n  pur- 
poses .  
11.4 EPHEMERIS 
---I__ 
Operat ion on the moon r e q u i r e s  t h a t  a l una r  .>Fhsrn r - ' t , ~  generated.  
The u l t i m a t e  ob ta inab l t  accuracy i s  I i m i t c l - !  b y  t h o  accuracy of t he  
phys ica l  l i b r a t i o n s  of t h ; l  moon i n  l a t i t u d L  and lorgitude T S a  
l a t i t u d e  motion i s  0 . 0 L  d+gree sin-. wave motion w i t h  a s i x  yea r  
per iod.  The longitude motion i s  a 0.02 d2gree sine wave motion wi th  
a one yea r  pe r iod .  The accurac.y a t  p r e s e n t ,  accord ing  t o  Reference 
35, i s  l i m i t e d  to  hundreths of a degree a s  i n d i c a t e d .  No information 
has been obtained which c o n d t r a d i c t s  t h i s  as  y . ' t ;  no persons o r  
o r g a n i z a t i o n s  queried on the  s u b j e c t  have answered. 
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Consider ing  t h a t  e a r t h  eph?meris i s  a c c u r a t s  t o  one second of a.rc 
o r  l e s s ,  conversions from - .ar th  coordinates  to luna r  coord ina te s  
must take  i n t o  account  onz s?cond e a r t h  arror and t h e  ;Jrror dus 
t o  l i b r a t i o n ,  which i s  known to  hundreths  of a degree.  64 
e r r o r ,  then ,  i s  approximately 36 seconds of  a r c ,  
The 
11 5 COMPUTATION ERRORS. 
A s  de f ined  i n  Reference 2 ,  manual computation accu rac i e s  of  0 . 1  
minute f o r  a l t i t u d e  and 0 .1  degree f o r  azimuth a r e  r e a l i s t i c ,  A 
l a t i t u d e  e r r o r  g ives  equivalent  e r r o r  i n  LOP'S; computation i s  
then  g iven  as 0 .1  minute RMS. 
11.6 PLOTTING, MAP ERRORS 
P l o t t i n g  e r r o r s  a re  l i s t e d  a t  1 . 2  seconds,  while  mapping e r r o r s  
account  f o r  3 .0  seconds.  Lunar miss ion  maps a r e  s t a t e d  a s  1 k i loms te r  
o r  118.7 seconds.  
Reference 40 p r e s e n t s  a preseii t  t a b l e  of h o r i z o n t a l  and. v e r t i c a l  
a c c u r a c i e s  of t he  moon, which shows t h a t  t h e  g r e a t e s t  accuracy i s  
a t  t he  ze ro  l a t i t u d e  and longi tud? p o i n t  on the  moon, and degrades 
as l a t i t u d e  and longi tude  increase  For  a l una r  t r a v ? r s e  a t  4'' N 
l a t i t u d e  and 39' 40 '  longi tude ,  a p r e s e n t  accuracy o f  2 2 7 6  k i lome te r s  
e x i s t s .  However, as s t a t e d  i n  Reference 4 0 ,  t b r  USAF Asronau t i ca l  
Char t s  and Informat ion  Center  p r e d i c t s  a 0" l a t i t u d e  and longi tude  
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accuracy  of  800 meters CEP (1968 ) h o r i z o n t a l l y  and 150 meters 
v e r t i c a l l y .  (As a r e s u l t  of a lunar  o p t i c a l  ranging experiment ,  
R .  L. B i f f ,  MS Travenner, A i r  Force Cambidge Research Labora to r i e s  
s t a t e s  t h a t  o p t i c a l  r a d a r  i s  being developed f o r  v e r t i c a l  ranging 
on the  moon t o  150 meter RMS. ) I  
I n t e r p o l a t i o n  of the  1968 p r e d i c t i o n s  f o r  the  MOLAB t r a v e r s e  reg ion  
s t a t e d  means one km h o r i z o n t a l  accuracy,  o r  118,.7 seconds ( 2  minutes 
f o r  p r a c t i c a l  purposes) wi th  an RMS e r r o r  of 0.67 minutes of a r c ,  
Sys tem Accuracy 
LOP e r r o r s  One Sigma 
( M i n u t e s )  
Reading, Instrument 0 50 
V e r t i c a l  1 " 0 0  
Timing 0,0047 
Ephemeris 0.51 
0 .10  C omp u t a t ion 
P l o t t i n g  0 ,02  
Map 0..67 
One Sigma 
(Squared) 
0.25  
1 -00  
0 L. 000022 
0.26 
0 "  01 
0 " 000'5 
0 I 4489 
Standard devia t ion  = q 1 . 9 6 9  1 - L  minutes  of a r c  = 707.28 meters .  
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1 2  0 RECOMMENDATIONS 
I n  view of f fnd fngs  mable i n  t p i s  repcrr, i t  i s  reccmnended tLst we: 
1. Study gyrocompasses i n  terms of th. possibility of u s i n g  a f a s t  s e t t l i n g  
gyrocompass f o r  i n i t i a l  f i y e s ,  V i s  p o s s i b i l i t y  does not  appear 
t o  be p robab le ,  bu t  it sl-c-ld be a b s o l u t e l y  d i s c o u n t e d -  
2 .  Study platforms and s t a r  t r a c k e r s  ( sun /ea r th )  w i th  r e f e r e n c e  t o  
u s e  as prime automatic  dead reckoning equipment. 
3 .  Keep t h e  idea  of r ad io  frequency nav iga t ion  a l i v e ,  r c f - . r r i n g  t o  
s t a t e - o f - t h e - a r t  techniques dnd eqLipment f o r  p o s s i b i l i t i e s  i n  
a i d i n g  MOLAB n a v i g a t i o n .  
4 .  S t d y  l i g k t i n g  cond i t ions  on t p e  moon as determined i n  MOLAB , v  
s t d i e s  f o r  use i n  conjm, tFon wit+ op t l -31  n d v i g j t i o n  tecbniques 
5 .  Attempt t o  come up with non-standard ideds f a -  navigdt ion wkich 
mdy be a p p l i c a b l e  t o  t”e MOEAB c a s k .  
6 .  S t d y  tFLe moon i n  a l l  a s p e i t s  f o r  v i s t i l i r d t i o n  of t h e  a c t u a l  mi s s ion .  
7 .  Examine t 5 e  astronair ts  involved i n  t k e  Apollo n a v i g a t i o n ,  o b t a i n i n g  
t h e i r  i deas  on MOLAB ndvigdtion (LecLnical and hclmdn f a - t o r s )  
8. Strzdy strapdown inertial systems, Tbese are now being Gsed as 
backup systems in tbe LEM snd C/M> 
9. Devise conceptual des igns .  
I 
J 
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